Varicella-zoster virus (VZV) is an ubiquitous alphaherpesvirus that causes childhood chickenpox (varicella) during which virus becomes latent in multiple ganglia and can subsequently reactivate in association with a declining immune response to cause shingles (zoster) (Gilden et al., 2003) . During latency, VZV expresses only a limited number of gene products. The repeated detection of open reading frame (ORF) 63 transcripts and protein in latently infected human ganglia (Cohrs et al., 1996; Mahalingam et al., 1996; Lungu et al., 1998; Cohrs et al., 2000; Kennedy et al., 2000; Grinfeld & Kennedy, 2004; Gary et al., 2006; Cohrs & Gilden, 2007) , ganglia from VZV-infected guinea pigs (Chen et al., 2003) and cotton rats (Kennedy et al., 2001; Cohen et al., 2004) , as well as in the simian model of VZV latency (Messaoudi et al., 2009) suggests that this gene and gene product are important for the maintenance of virus latency.
There are 68 unique ORFs within the VZV genome. ORF63 is located within a repeated region of the virus DNA and is duplicated (ORF63 and ORF70). Each copy of ORF63 encodes a 278 aa immediate-early (IE) protein that is extensively modified following autonomous expression or VZV infection (Cohrs et al., 2002; Heineman & Cohen 1995; Kinchington et al., 1995; Stevenson et al., 1996; Walters et al., 2008) . To extend our understanding of ORF63p post-translational modification, human malignant melanoma (MeWo) cells were infected with VZV by cocultivation (Grose & Brunel, 1978) , and infected cell proteins were analysed by two dimensional (2D) PAGE (Fig. 1) . Infected cells were scraped into 8 M urea, 4 % CHAPS, 50 mM dithiothreitol (DTT) and 1 % IPG buffer (Bio-Rad). Viscosity was reduced by sonication and cell debris removed by centrifugation (10 min, 25 u C 16 000 relative centrifugal force). Soluble proteins were electrophoresed on pH 3.9-5.1 isoelectric focusing (IEF) strips (Bio-Rad) for 75 000 V h at 4 uC. IEF strips were rocked for 10 min in two changes of 125 mM Tris/HCl pH 6.8, 10 % (v/v) glycerol, 2 % SDS, 50 mM DTT and 25 mg iodoacetamide ml 21 and separated proteins were resolved on 12 % SDS-PAGE gels, transferred to nitrocellulose membranes, probed for ORF63p with a rabbit antiORF63p antibody (1 : 5000 dilution; Mahalingam et al., 1996) , followed by goat anti-rabbit IgG (1 : 10 000 dilution; Sigma) and detected by enhanced chemiluminescence (Millipore). Western blot of the 2D gel resolved ORF63p (~37 kDa) into at least eight distinct forms detected in lysates from infected cells (Fig. 1) . The shift in isoelectric point and molecular mass is consistent with increased phosphorylation of ORF63p from its unmodified pI of 4.7.
Phosphorylation is the only known post-translational modification of ORF63p. The protein is extensively phosphorylated both in vitro and in vivo by viral and cellular kinases (Baiker et al., 2004; Bontems et al., 2002; Debrus et al., 1995; Habran et al., 2005; Heineman & Cohen, 1995; Kenyon et al., 2001; Mueller et al., 2009; Stevenson et al., 1996; Walters et al., 2008) . Computerassisted analysis (http://www.cbs.dtu.dk/services/NetPhos) of ORF63p identified 29 putative Ser, Thr and Tyr phosphorylation sites, including consensus target sequences for casein kinase I (CKI), CKII and cyclin-dependent kinase 1 (CDK1). Previous studies of a subset of these putative sites characterized their role in ORF63p phosphorylation and function. For example, Ala substitution of multiple Ser/Thr residues results in reduced phosphorylation of ORF63p (Baiker et al., 2004; Bontems et al., 2002) . Substitution of single or multiple sites plays a key role in regulating ORF63p cellular localization (Bontems et al., 2002; Habran et al., 2005; Walters et al., 2008) , protein-protein interactions (Ambagala et al., 2009) , regulation of transcription (Ambagala & Cohen, 2007; Bontems et al., 2002; DiValentin et al., 2005; Habran et al., 2005; Jackers et al., 1992; Kost et al., 1995; Lynch et al., 2002) and VZV ganglionic infection in cotton rats (Cohen et al., 2005) . Taken together these data highlight the importance of ORF63p phosphorylation for protein localization and function. However, a caveat in some of these studies (Ambagala et al., 2009; Bontems et al., 2002; Cohen et al., 2005) is that specific phosphorylated residues were not identified and that Ala substitution does not prove that specific residues are phosphorylated. Therefore, the aim of this study was to enumerate specific phosphorylation sites in ORF63p isolated following autonomous expression and viral infection.
To identify phosphorylated amino acids in ORF63p the protein was expressed in mammalian cells, purified by affinity chromatography in the presence of phosphatase inhibitors, and subjected to repeat mass spectroscopy (MS) analysis. We extracted ORF63p from four sources. The first was N-terminally FLAG-tagged ORF63p expressed after DNA-mediated transformation of human embryonic kidney (HEK) 293 cells with the pF63-CEP plasmid. The second source ORF63p was purified from VZV-infected MeWo cells harvested at the height of cytopathology. At 3 days posttransfection or infection, ORF63p was either isolated from soluble cell extracts by affinity chromatography on Sepharose beads to which anti-FLAG antibody was covalently attached (transfected cells) or by immunoprecipitation using polyclonal rabbit anti-ORF63p bound to protein A-Sepharose beads (infected cells). Bound protein was resolved by SDS-PAGE and after staining with Coomassie brilliant blue, ORF63p was excised, digested with trypsin or Asp-N, and subjected to MS analysis. All samples were processed for MS analysis using standard protocols at the Colorado State University, Proteomics and Metabolomics Facility (http://www.pmf.colostate.edu/). An example of spectral analysis of ORF63p MS identifying the presence of a single phosphorylated amino acid within peptide spanning aa 150-179 is presented in Supplementary Fig. S1 (available in JGV Online).
Additionally, a clonal isolate of MeWo cells was selected that expressed FLAG-ORF63p from an ecdysone inducible promoter (MeWo-ECD63 cells) (Supplementary material, available in JGV Online). Expression of ORF63p was confirmed by Western blot and immunofluorescence analysis after induction with 1 mM Muristerone A (Invitrogen) (Stolarov et al., 2001 ; Supplementary Fig.  S2 , available in JGV Online). For the third source of ORF63p, FLAG-ORF63p was extracted from MeWo-ECD63 cells 3 days post-induction and purified by immunoprecipitation by using EZview Red Anti-FLAG M2 affinity gel (Sigma). The fourth source was FLAGORF63p purified from MeWo-ECD63 cells that were simultaneously induced with ecdysone, infected with VZV and harvested when 80-90 % of the cells showed virus induced cytopathology (3 days post-infection). In both instances, bound protein was further purified by SDS-PAGE and after staining with Coomassie brilliant blue, ORF63p was excised, digested with trypsin, Asp-N or subtilisin and subjected to MS analysis. All samples were processed for MS analysis using standard protocols at the Proteomics Shared Resource, Herbert Irving Comprehensive Cancer Center, Columbia University (http://cpmcnet.columbia.edu/dept/protein/ms/ pi.html#Anchor-Instrumentation-49575).
MS analyses identified multiple phosphorylated Ser and
Thr residues on ORF63p; however, no Tyr phosphorylation Fig. 1 . 2D gel analysis of ORF63p from VZV-infected MeWo cells. Two days post-infection, cell lysates from VZV-infected MeWo cells were first resolved by isoelectric focusing (pH 3.9-5.1) followed by Western blot analysis as described in the text. Arrows indicate major ORF63p species detected by Western blot analysis.
was detected (Table 1 and Fig. 2 ). These analyses confirmed eight sites (Ser5, Ser12, Ser31, Ser181, Ser185, Ser186, Thr222 and Ser224) of in vivo phosphorylation on ORF63p and two other sites out of a possible four (Ser157, Ser170, Thr171 and Ser173). Only minimal differences in phosphorylation patterns were detected on ORF63p isolated following autonomous expression or VZV infection. In FLAG-ORF63p isolated from HEK 293 cells, Ser12 and two of four residues (Ser157, Ser170, Ser171 and Ser173) were phosphorylated. No phosphorylation at Ser12, Ser157, Ser170, Thr171 or Ser173 was detected on ORF63p isolated from MeWo cells. Phosphorylation of Ser12 in HEK 293 cells, but not MeWo cells indicates cell-type-dependent phosphorylation as peptide fragments covering this region of the protein were identified in all analyses. However, no peptide fragments containing Ser157, Ser170, Thr171 and Ser173 were obtained from ORF63p isolated from MeWo cells. Therefore, the phosphorylation status of Ser157, Ser170, Thr171 and Ser173, in MeWo cells, cannot be unequivocally determined. FLAG-ORF63p from induced MeWo cells was phosphorylated on Ser5, Ser31, Ser181, Ser185, Ser186, Thr222 and Ser224. Phosphorylation at Ser5, Ser31, Thr222, Ser224 and two other residues (two of the following: Ser181, Ser185, Ser186) was verified using ORF63p purified from VZV-infected MeWo or MeWo-ECD63 cells. We were unable to confirm phosphorylation at Ser5, Ser181, Ser185, Ser186, Thr222 and Ser224 on FLAG-ORF63p expressed in HEK 293 cells because of a lack of peptide coverage in these regions. Interestingly, phosphorylation of Ser31 was only detected on FLAGORF63p isolated from induced MeWo-ECD63 cells (with or without VZV infection), even though this region was covered in all four analyses. Perhaps differences in protein purification methods and/or MS analysis account for these differences.
Using four separate strategies to express ORF63p in vivo (in two different cells lines) we obtained 98 % coverage (271/ 278 aa), ranging from 62 to 76 % in each experiment. Although individual experiments lack total peptide coverage, the data from multiple independent experiments resulted in overlapping regions of coverage that minimize the probability of missing a phosphorylation event. Specifically, 44 aa (15 %) were covered by one experiment, while the remaining amino acids were covered by more than one analysis.
Previous studies have investigated the functional role of ORF63p phosphorylation and our findings further support their data. Our identification of phosphorylation at Ser224 supports results that demonstrated that Ser224 was a target for CDK1 and that a Ser224Ala mutation altered localization of ORF63p and its transcriptional regulatory properties . Recently, we demonstrated that Ser186 was phosphorylated by CKII (Mueller et al., 2009) , which is consistent with this study. Also, our identification of possible phosphorylation at Thr171 and/ or Ser173 (and to a lesser extent Ser12) confirms the work of Baiker et al. (2004) who demonstrated that Ala substitution at these residues reduced overall phosphorylation of ORF63p. ORF63p protein interactions are also Transfected cells Infected cells
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dependent on its phosphorylation state. For instance, interaction with ASF-1 was lost upon Ala substitution of putative CKII target residues Ser150, Ser165, Thr171, Ser181 and Ser186 (Ambagala & Cohen, 2007 ) and here we demonstrate that three of these sites are phosphorylated (Table 1) . Also, these residues are critical for VZV ganglionic infection of cotton rats (Cohen et al., 2005) . Because this work demonstrates that Ser181, Ser186 and possibly Thr171 are phosphorylated in vivo, it is possible that phosphorylation at these sites regulates interaction with ASF-1 and plays a role in establishment of VZV latency.
A potentially unexpected finding from the MS results is that no differences in ORF63p phosphorylation were seen between infected and uninfected cells. While VZV protein kinases (ORF47 protein) phosphorylates ORF63p in vitro (Kenyon et al., 2001) , no differences in ORF63p phosphorylation were seen when ORF47 and ORF66 were deleted from the virus (Heineman & Cohen, 1995; Heineman et al., 1996) . A possible explanation for these findings is that although kinase recognition signals for virus and cellular kinases may be different, individual ORF63p residues phosphorylated are the same.
A new finding from this study was that Ser5 and Ser31 are phosphorylated. The functional significance of modification of these residues has not been studied. Moreover, the sequences surrounding these residues do not conform to any common cellular kinase targets. Further study and identification of kinase(s) involved in phosphorylation of these residues may help identify novel functions for this protein. 
